ABSTRACT：This paper mainly presents a pseudo-static test program on 12 terminal stirrup-confined square 12 concrete-filled steel tube (SCFT) columns and 14 rectangular SCFT columns under constant axial pressure. The 13 effects of various factors on the hysteretic behavior of specimens are investigated. These factors include with or 14 without stirrups, height of terminal stirrup region, equivalent stirrup ratio, stirrup form, loading direction, 15 height-length ratio (L/B), length-width ratio (B/D), axial compression ratio (n) and sliding support. The failure 16 mode, strain ratio, hysteretic curve, skeleton curve, ultimate bearing capacity, ductility, stiffness degradation, 17 energy dissipation, as well as the residual deformation of the specimens are analyzed. The results indicate that: 18
3 capacity compared to the specimen with 2 stiffening ribs. However, its displacement ductility index is 76 increased by 30%. Wang et al. [16] proposed a measure by bolting horizontal binding bars inside the 77 square steel tubes to postpone their local buckling and improve the seismic behavior of CFT specimens. 78 The results show that when n is 0.2, the ultimate bearing capacity is almost unchanged while the ductility 79 index is increased by 67%. Moreover, when n is 0.6, the ultimate bearing capacity is increased by 10% and 80 the ductility index is increased by 30%. 81 However, it is difficult to perform the welding work for large-dimensional CFT columns due to their too 82 thick steel tube in practical project. Consequently, the thin-walled rectangular CFT columns have been widely 83 used. However, the latters' low steel ratio will weaken their seismic performance. In order to improve the axial 84 compressive performance of thin-walled square CFT stub columns, Ding et al. [17] conducted a comparison 85 study of four structural measures including studs, circular stirrups, rhombus stirrups and bidirectional 86 stirrups, based on which they proposed a way of welding the bidirectional stirrups to the inner wall of the 87 square steel tube. This method was proved to exert the most effective constraint on the core concrete and 88 hence was applied to round-ended CFT stub columns under axial compression [18] . Similarly, it can also 89 be applied to the rectangular CFT columns for the study on seismic performance. 90 It is known that the weak region of a CFT frame column is located at its terminal section, the idea of 91 stirrups encryption in joint area of reinforced-concrete structure can be applied to CFT columns. In order to 92 reduce the amount of steel, improve the economic efficiency and optimize the construction, the authors put 93 forward the terminal stirrup-confined rectangular CFT (SCFT) columns in which the bidirectional stirrups 94 are welded inside the rectangular steel tube at the columns ends with large bending moment. For 95 large-dimensional CFT columns, it is convenient for operators entering the steel tube and welding stirrups 96 only at the columns ends. 97 In conventional standards, storey height and storey number are limited in order to limit n of the 98 columns and ensure their seismic performance. However, in actual high-rise and super high-rise buildings, 99 n of columns is often very large, even reaching 0.8. The aim of this study, therefore, is to focus on the 100 advantage of rectangular SCFT columns under high n even up to 0.8. More specifically, two objectives are 101 included in this study: (1) to investigate the seismic behavior of rectangular SCFT columns through a 102 pseudo-static test study on 26 specimens; (2) to study the effects of 9 main factors on the hysteretic behavior 103 of specimens include with or without stirrups, height of terminal stirrup region, equivalent stirrup ratio, 104 loading direction, height-length ratio (L/B), length-width ratio (B/D), axial compression ratio (n) and sliding 105 support. 106 107 2. Experimental investigation 108 109 In this test program, 26 specimens were designed, including 12 square SCFT columns and 14 110 rectangular SCFT columns. Each specimen consisted of concrete filled steel tubular column, top plate, 111 bottom plate and stiffening ribs. Fig. 1 and Fig. 2 exhibit a schematic view and the actual photos of the 112 specimens, respectively. The details of the labels and parameters of specimens are listed in Table 1 . In the 113 label of specimen, the first letter "s" or "r" represents square or rectangle, the second letter "c" means 114 column, the third letter "h" indicates that the loading mode is hysteretic. B is the length (longer side) of 115 rectangular section, D is the width (shorter side) of the rectangular section, t is the wall thickness of the 116 steel tube, L is the effective height of column excluding the height of stiffening ribs. ρs is the steel ratio of 117 the cross section, calculated by ρs=As/(As+Ac), where As and Ac are the area of steel tube and core concrete, 118 respectively. as, bs and ds are horizontal spacing, longitudinal spacing and diameter of stirrups, respectively. 119 h1 and h2 are height of terminal stirrup region at the bottom and top of specimens. Stirrups of h1 mainly 120 bear the bending moment and shear force, while stirrups of h2 are constructional reinforcement to prevent 121 4 the core concrete from premature crushing failure. fcu is the cubic compressive strength of concrete, fc is 122 uniaxial compressive strength of concrete prism. According to Ding et al. [19] , the conversion relationship 123 between fc and concrete compressive strength fcu is fc=0.4fcu 7/6 . fs and fsv is the yield strength of steel tube 124 and stirrup, respectively. ρsa is equivalent stirrup ratio defined as ρsa =ρsv  fsv/fs, where ρsv is the stirrup ratio. 125 n is axial compression ratio, calculated by n= N/Nu, where N is the constant axial pressure and Nu is the 126 nominal bearing capacity. Nu is obtained from formula Nu=fcAc+fyAs [11, 15, 16] . P + and P -are the 127 maximum positive and negative horizontal bearing capacity. DI is the displacement ductility index 128 obtained from the average value of positive and negative displacement ductility index. K1 is the initial 129 stiffness obtained from the average value of positive and negative initial stiffness. 130 Among these specimens, sch1 and sch3 are without stirrups while the others are with bidirectional 131 stirrups on the cross-sections of specified spacing. Besides, sch1, sch2 and sch5 were tested without sliding 132 support because the n of sch1, sch2 is 0 and sch5 is used to compare the effect of sliding support with sch3. 133 Moreover, the stirrup diameter of sch8 is 8 mm and sch9 is with ring stirrups. Particularly, the n of 134 rch1~4-0.8 is up to 0. For each specimen, the steel tube was welded from two right angle tubes which were firstly bent using 147 the Q235 hot-rolled steel plates. The welding was performed according to the standard GB 50017-2003 [20] 148 and the ends of the steel grooves (as the sites of welding) were kept smooth after welding. Both ends of 149 Weld 6 stirrups were firstly bent to right angle with bent length of 20 mm and then welded to the two ends of the 150 steel tubes in a certain range. Moreover, spot welds were adopted at the intersections of bidirectional 151 stirrups and thus they form a steel mesh. 152 The bottom plate and stiffening ribs were welded to the bottom of the steel tube. Then the concrete was 153 pumped into the tube from the top and was vibrated to be well compacted. The commercial concrete of 154 grade C40 was adopted for all the specimens. Moreover, 9 standard concrete cubes with a dimension of 155 150 mm × 150 mm × 150 mm were prepared and cured at the same condition as those of SCFT specimens. 156 After 28 days of curing, the concrete had hardened completely and achieved its compressive strength. Then 157 the cover plate was welded to the top of the steel tube. For the convenience of observation and record of 158 failure mode, red paint was sprayed on the external surface of the steel tube and 50 mm × 50 mm white 159 grids were plotted on the surface. 160 Before the column tests, the cubic compressive strength fcu of concrete were obtained from the testing 161 of the concrete cubes according to GB/T 50081-2002 [21] . The material properties of 3 mm thick steel 162 plates and stirrups of diameter 6mm and 8 mm were obtained from the tensile coupon tests according to 163 GB/T 228-2002 [22] . The measured material properties are presented in Table 1.  164  165 2.2 Experimental setup and instrumentation 166 The pseudo-static tests on rectangular SCFT column specimens were conducted using a MTS 167 pseudo-static test system in the National Engineering Laboratory for Construction Technology of High 168 Speed Railway at Central South University. Fig. 3 and Fig. 4 
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At the beginning of each test, the specimen was prepressed to a vertical load to 50% of the specified 185 axial pressure N, then unloaded to 0, after that the specimen was loaded to N before the lateral force was 186 applied. The axial pressure N was kept constant during the whole test. According to JG101-1996 [23] , the 187 displacement controlled method was use for horizontal cyclic loading shown in Fig.5 . One loading cycle 188 was applied for each of the peak displacement, ( 195 The horizontal load, horizontal displacement and strain of steel tube were measured during the tests. 196 The horizontal load was collected by the MTS actuator and recorded manually by the tester. Three 197 displacement transducers with high precision were installed at three deferent places, namely at the same 198 height as the horizontal loading point, half of the column height and the bottom of the specimens, 199 respectively, to measure horizontal displacement. Moreover, four strain rosettes (S1 to S4) were placed on 200 two adjacent surfaces at the bottom of the steel tube, as illustrated in Fig. 1 (c) . The displacement and 201 strain were acquired by a DH3818 static data measurement system. The local buckling deformation of steel 202 tube, failure mode and failure location during the tests were also observed and recorded. 203 204 3. Experimental results and discussion 205 3.1 Damage mechanism 206 The damage process of the specimens was basically the same, which could be divided into 3 stages 207 including elastic stage, elastic-plastic stage and failure stage. At the elastic stage of loading, the 208 load-displacement curve of each specimen was basically linear. There was no obvious local buckling on 209 the surface of the steel tube, and the strain was small. As the horizontal displacement increased, the 210 specimens turned into elastic-plastic stage. The stiffness of them degraded and the load increased slowly. 211 The steel tube displayed apparent local buckling above the stiffening ribs. As the test progressed, the range 212 and degree of the local buckling was increasing continuously. When the horizontal load dropped below 85% 213 of the ultimate bearing capacity, the specimens were failed. At this stage, the strain of steel tube increased 214 rapidly with severe buckling (together with tearing at the corner of sections in some cases) in the region of 215 stirrups and extended region of 50 mm above the stirrups. Moreover, the internal stirrups were snapped 216 with crisp sound which indicated that the strain of stirrups reached the ultimate strain and their tensile 217 strength was fully utilized. The final failure modes of the typical specimens are shown in Fig. 6 . 218 Especially when n was up to 0.8, rch1-0.8 (without stirrups) showed obvious axial compression, the 219 steel tube was torn with a large area along the weld, the stirrups were snapped and the core concrete was 220 completely crushed, which is characterized by brittle failure. Unlike this, the steel tube of rch2-0.8 221 (ρsa=1.49%) displayed apparent local buckling at the bottom. Even better, only slight local buckling 222 occurred at the bottom of rch3-0.8 (ρsa=1.49%) and rch4-0.8 (ρsa=1.49%). Besides, the core concrete of 223 rch2-0.8, rch3-0.8 and rch4-0.8 was only partially crushed, which is characterized by ductile failure. These 224 indicate that the stirrups can effectively pull the steel pipe and confine the core concrete. 225 235 Fig. 7 presents the load-strain ratio (P-νsc) curves of 5 typical specimens including sch1, sch3, sch4, 236 rch1-0.8 and rch2-0.8. As shown in Eq. (1), the νsc is defined as the absolute value of ratio of 237 circumferential strain to axial strain of the steel tube, reflecting the hoop constraint of the steel tube 238 exerting on the core concrete [17, 24] . The larger the νsc is, the stronger the hoop constraint is. 239
Load-strain ratio (P-νsc) curves
As the horizontal cyclic displacement is applied, the axial strain and circumferential strain of the steel 241 tube varies continuously, which make the strain ratio νsc oscillates. Besides, the maximum νsc of the 5 242 specimens exceeded 0.5 in the tests. The results suggest that the steel tube of all the 5 specimens exerted 243 the hoop constraint on the core concrete. The maximum νsc of 3.0 for sch3 (with n=0.4) is greater than that 244 of 2.0 for the sch1 (without axial pressure). It is demonstrated that the axial pressure can increase the 245 confining effect of the steel tube exerting on the core concrete. The maximum νsc of 1.5 for sch4 (with 246 stirrups) is less than that of 3.0 for sch3 specimen (without stirrups). Similarly, the maximum νsc of 3.5 for 247 rch2-0.8 (with stirrups) is less than that of 4.5 for rch1-0.8 (without stirrups). This indicates that the 248 maximum νsc of the steel tube is reduced due to the direct confining effect of the stirrups exerting on the 249 core concrete. 250 4. Effects of parameters on seismic behavior 257 4.1 Seismic behavior indexes 258 In this paper, 5 seismic behavior indexes are analyzed including horizontal bearing capacity P, ductility, 259 stiffness degradation, energy-dissipation capacity and residual deformation. The horizontal bearing 260 capacity is obtained directly from experimental results. The ductility of the specimens is expressed by the 261 displacement ductility index DI, which is defined as the ratio of the failure displacement Δu over the virtual 262 yield displacement Δyv as shown in Eq. (2): 263
The displacement ductility index is determined by the "General yield bending moment method" (also 265 known as "tangent method") [25] , as shown in Fig. 8 . OC is the tangent of the P-Δ skeleton curve (ODFAB) 266 at origin point O, Pyv and Δyv are the virtual yield load and the corresponding displacement, Pmax and Δmax 267 are the ultimate load and the corresponding displacement, Pu is the horizontal failure load equal to 85% of 268 the ultimate load in the descending range of the skeleton curve, Δu is the corresponding displacement. 269 According to Eq. (2) and Fig. 8 , the displacement ductility indices DI of all specimens are listed in Table 1 . where P i and Δ i are respectively the peak horizontal load and the corresponding displacement of the i-th 276 cycle, n is the total number of hysteresis loops. 277 The equivalent viscous damping index he [15, 26] Fig. 10 compares the effect of stirrups on the hysteresis behavior when n is 0, 0.4, 0.8 and the ρsa is 291 0.45%, 0.45%, 1.49%. Table 2 lists the improvement effect of stirrups on the 5 seismic behavior indexes of 292 the specimens. When n is 0, compared to sch1 without stirrups, the hysteresis curve of sch2 is not 293 obviously different and its P, K1, maximum he, maximum r are only slightly improved. However, the 294 skeleton curve of sch2 declines more slowly and the DI increased by 21.9%. When n is 0.4, compared to 295 sch3 without stirrups, the hysteresis curve of sch4 is plumper and the skeleton curve declines more slowly. 296 In addition, the P, K1, maximum he, maximum r are improved significantly. When n is 0.8, compared to 297 rch1-0.8 without stirrups, all the 5 seismic behavior indexes of rch2-0.8 are improved significantly. It 298 shows more obvious effect of stirrups on improving the hysteresis behavior of rectangular CFT columns 299 under high axial compression ratio. when n is 0.7, 0.8 and the ρsa is 0.52%, 2.79%. It is reflected from Fig.s 11, 12 and Table 1 that the  306 hysteresis loop is plumper and the skeleton curve tends to decline more slowly when the h1 is increased 307 from B (300mm) to 2B (600mm). Compared to specimen rch3, the P, DI, K1 of rch4 are increased from 308 126.28 kN, 2.26, 12.5 kN/mm to 133.90 kN, 2.67, 13.5 kN/mm. On the whole, the 3 indexes are improved 309 13 by 6.0%, 18.1%, 8.0% respectively. Besides, stiffness degrades more gently. Furthermore, he and r are 310 generally increased at the same loading displacement, which indicates that increasing h1 can effectively 311 improve the seismic behavior of specimens. Similarly, compared to specimen rch3-0.8, the P, DI, K1 of 312 rch4-0.8 are improved by 10.1%, 12.4%, 10.5%, respectively. the stirrups range is 400mm (2B). The diameter ds of the stirrups are 6mm and 8mm, and the yield strength 327 fs of the stirrups are 285MPa and 504MPa, respectively. Thus the ρsa increases from 0.45% to 1.42% and 328 14 increased by 215.6%. It can be seen from Fig. 13 Fig. 16 and Fig. 17 show the difference of loading direction on the hysteretic behavior of the 369 specimens, when n are 0.2 and 0.7, respectively. It is explained from Fig. 16, Fig. 17 and Table 1 that the  370 hysteresis curve of strong axis loading is plumper than that of weak axis loading. In addition, P, K of each 371 372 specimens rch5, rch6, the DI of rch1, rch3 are decreased from 4.83, 2.48 to 4.54, 2.26, decreased by 6.0%, 373 8.9%. The difference between DI of them is not significant, indicating that the loading direction has little 374 influence on the ductility of rectangular SCFT specimens. 387 Fig . 18 compares the influence of different height-length ratios (L/B) on the hysteresis curve of 388 specimens. As seen from Fig. 18 and Table 1 , the higher the L/B is, the less the P and the K1 are, the faster 389 the horizontal load decreases, the worse the seismic behavior and the hysteresis loops are slightly pinched. 390 Compared to sch6, the L/B of sch4 and sch11 are increased from 4.5 to 7.5, 10, increased by 66.7%, 391 122.0%, respectively. But the DI decreases from 4.71 to 4.38, 4.08, decreases by 7.0%, 13.4%, respectively. 392 Similarly, compared to sch7, the L/B of sch12 is increased from 7.5 to 10, increased by 33.3%, respectively. 393 The DI decreases from 2.85 to 2.63, decreases by 7.7%. What's more, compared to rch1, rch2 and rch7, 394 the L/B of rch8, rch9 and rch6 are increased from 5, 5, 5 to 6.7, 6.7, 7.5, increased by 34.0%, 34.0%, 50% 395 respectively. The DI decreases from 4.54, 4.27, 2.75 to 4.12, 3.85, 2.47, decreases by 9.3%, 9.8%, 10.2%. 396 It can be found that when the L/B increases significantly, the DI of the rectangular SCFT decreases very 397 finitely. 398 DI and he. With the increase of n, the initial stiffness of the specimens is generally increased, but descends 429 steeper and the DI is obviously reduced. The DI of rectangular SCFT with small n or medium n is 430 generally larger than 3, indicating that the ductility of the specimens is good and can meet the seismic 431 design requirements. Among all specimens, the DI of rch3 is the least, which is 2.26 due to its low ρsa and 432 19 high value of n (n=0.7). Based on the "General yield bending moment method", the failure displacement Δu 433 of rch3 is 26.0mm. Accordingly, the maximum displacement angle (Δu/L) is 1/58, which cannot meet the 434 limit value 1/50 of relevant standards [28, 29] . Therefore it is necessary to increase the ρsa and conduct the 435 corresponding experimental study. When n increases from 0 to 0.4 or from 0.2 to 0.4, the P of the 436 specimens is generally increased. However, when n is further increased to 0.6 or 0.7, the P is decreased, 437 while the K1 of the specimen is generally increased. With the increase of the n, the hysteresis loop is 438 plumper and he is generally increased, indicating that the energy dissipation capacity is enhanced. . Because the friction between the jack and the top plate is eliminated due to the sliding 464 support, the skeleton curve of sch3 declines more gently and its stiffness degrade more slowly than sch5. 465 21 Also, we can see from Table 1 that the DI of sch3 increased from 3.35 to 3.74, increased by 11.6%. However, 466 friction leads the K1 of sch5 increase from 4.11kN/mm to 4.96kN/mm and the P of sch5 increased from 467 61.02kN to 66.81kN, increased by 20.7% and 9.5%, respectively. In addition, the hysteresis curve of sch5 468 is plumper and its maximum he increased from 0.23 to 0.34, increased by 47.8%.The above results 469 contribute that the impact of friction cannot be ignored in the test , and the sliding support can ensure the 470 experimental data more accurate. 478 This paper presents a pseudo-static experimental study on the seismic behavior of stirrup-confined 479 concrete-filled rectangular steel tubular columns. The experimental program consists of 26 specimens with 480 consideration of with or without stirrups, height of terminal stirrup region, equivalent stirrup ratio, loading 481 direction, and axial compression ratio etc. Based on the results of failure mode, strain ratio, ultimate 482 bearing capacity ductility, stiffness degradation, energy dissipation, and residual deformation, the 483 following conclusions can be drawn: 484 (1) Under axial pressure and horizontal low cyclic load, the specimens are failed mainly by buckling of 485 the steel tubes, crush of the core concrete and fracture of the stirrups. The equivalent viscous damping index 486 of the specimens ranges from 0.15 to 0.4, which demonstrates that they have good seismic energy 487 dissipation capacity. 488 (2) The maximum strain ratio of typical specimens is more than 0.5, showing that the steel tube exerts 489 a good confinement on the core concrete. The axial pressure can increase the confining effect of steel tube 490 to the core concrete. In addition, the stirrups can directly confine the core concrete, and reduce the 491 maximum strain ratio of the steel tube. 492 (3) When the axial compression ratio is larger, the bidirectional stirrups can delay local buckling of 493 steel tube, improve the confinement effect on the core concrete effectively, and thus increase the ultimate 494 bearing capacity and ductility index, so as to significantly improve the seismic behavior of the rectangular 495 SCFT columns. At the same axial compression ratio, increasing height of terminal stirrup region or 496 22 increasing equivalent stirrup ratio can also effectively improve the seismic behavior of the specimens. 497 (4) The ultimate bearing capacity of the rectangular SCFT of strong axis loading is distinctly greater 498 than that of weak axis loading, but there is no obvious difference between their ductility. When the 499 height-length ratio and length-width ratio increases, the ductility DI decreases very limited. 500 501
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Conclusions
